We study the properties of a significant thermal emission component that was identified in 47 GRBs observed by different instruments. Within the framework of the "fireball" model, we deduce the values of the Lorentz factor Γ, and the acceleration radius, r 0 , for these bursts. We find that all the values of Γ in our sample are in the range 10 2 ≤ Γ ≤ 10 3 , with Γ = 370. We find a very weak dependence of Γ on the acceleration radius r 0 , Γ ∝ r α 0 with α = −0.10 ± 0.09 at the σ = 2.1 confidence level. The values of r 0 span a wide range, 10 6.5 ≤ r 0 ≤ 10 9.5 cm, with a mean value of r 0 ∼ 10 8 cm. This is higher than the gravitational radius of a 10M ⊙ black hole by a factor ≈ 30. We argue that this result provides indirect evidence for jet propagation inside a massive star, and suggests the existence of recollimation shocks that take place close to this radius.
INTRODUCTION
One of the major developments in the study of gammaray bursts (GRBs) in recent years has been the realization that a thermal component may be a key spectral ingredient. While the shape of most GRB spectra do not resemble a "Planck" function, in a non-negligible minority of GRBs a careful spectral analysis reveals a spectral component that is consistent with having a blackbody ("Planck") shape, accompanied by an additional, non-thermal part. Following pioneering work by Ryde (2004 Ryde ( , 2005 , such a component was clearly identified in 56 GRBs detected by BATSE (Ryde & Pe'er 2009) and is now identified in several Fermi GRBs as well. A few notable examples are GRB090902B (Ryde et al. 2010 ), GRB100507 (Ghirlanda et al. 2013 ), GRB100724B (Guiriec et al. 2011) , GRB110721A (Axelsson et al. 2012; Iyyani et al. 2013) , GRB120323A (Guiriec et al. 2013 ) and GRB101219B .
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The existence of a thermal emission component may hold the key to understanding the prompt emission spectra. First, this component provides a physical explanation to at least part of the observed spectra. Furthermore, thermal photons serve as seed photons for inverse Compton (IC) scattering by energetic electrons, therefore these photons may play an important role in explaining the non-thermal part of the spectra as well. In fact, as it was recently shown by Axelsson & Borgonovo (2015) ; Yu et al. (2015b) , while clear "Planck" spectra are only rarely observed, the narrowness of the spectral width of GRBs rules out a pure synchrotron origin in nearly 100% of the GRB spectra observed to date. Thus, it is possible that modified "Planck" spectra contribute to the observed emission in a very large fraction of GRBs.
Thermal photons decouple from the plasma at the photosphere, which is by definition the inner most region from which an electromagnetic signal can reach the observer. Therefore the properties of a Plank spectral component directly reveal the physical conditions at the photosphere, in those GRBs in which it can be directly identified. This feature is in contrast to the non-thermal spectral component, the origin of which is still uncertain. This is due to the fact that the radiative origin of the non-thermal component is still debatable, and its exact emission radius is very poorly constrained, both theoretically and observationally.
In the framework of the classical "fireball" model (Paczynski 1986; Rees & Meszaros 1992 , 1994 , the photospheric radius, r ph depends only on two free model parameters: the luminosity, L, and the Lorentz factor, Γ at the photospheric radius 7 (e.g., Paczynski 1990; Abramowicz et al. 1991; Mészáros & Rees 2000; Mészáros 2006 , and references therein). The observed temperature weakly depends, in addition, on a third parameter, r 0 , as T ob ∝ r 1/6 0 . Here, r 0 is the acceleration radius, which is the radius where the acceleration of plasma to relativistic (kinetic) motion begins. Thus, by definition, at this radius the bulk Lorentz factor Γ(r 0 ) = 1, while at larger radii Γ(r) increases at the expense of the internal energy. In the classical "fireball" model, where the outflow expands freely and magnetic fields are subdominant, the growth is linear, Γ(r) ∝ r below the saturation radius r sat , and Γ(r) ∝ r 0 above this radius, as all the available energy is already in kinetic form.
The simple dependences of the temperature and photospheric radius on the luminosity, Γ and r 0 , have a strong implication. As was shown by Pe'er et al. (2007) , one can use the measured values of the temperature and observed flux to directly measure r ph and Γ. Using the fireball model scaling laws, one can then infer the value of r 0 . Therefore, using only observational quantities one can deduce the entire (basic) dynamics of the earliest stages of the jet evolution within the framework of the "fireball" model. These dynamics, in turn, provide a strong tool in constraining models of GRB progenitors.
In order to perform these calculations, knowledge of the distance to the GRB is required, as the observed flux needs to be converted to luminosity. Moreover, reliable estimates of the dynamical parameters (Γ, r ph and r 0 ) rely on the assumption that the observed thermal component is not strongly distorted (e.g., by sub-photospheric dissipation; see . Validating this last assumption is, nonetheless, relatively easy, as a significant thermal component F th F γ that can be directly observed, necessitates that a strong distortion does not occur (see, however, Ahlgren et al. 2015) .
Unfortunately, as of now, there are only very few GRBs which fulfill both requirements, namely, (1) a significant thermal component is clearly observed in their spectra, and (2) their luminosity distance is known. These observational constraints limited, so far, the ability to carry out a statistical study of the outflow properties derived from photospheric emission.
Nevertheless, in recent years the number of GRBs in which a thermal component could be clearly identified is rapidly increasing, and is now at a few dozens. Furthermore, as we point out in the present work, uncertainties in the redshift have, in fact, only a weak effect on the deduced value of r 0 . Consequentially, a good estimate of the value of r 0 can be achieved even for those GRBs for which the redshift is unknown. This enables the study of the hydrodynamical parameters in a reasonable sample of GRBs for which a thermal component was identified.
In this paper we analyze the existing data for those GRBs in which a distinct thermal component was clearly identified. Using the existing data, we deduce the values of the bulk Lorentz factor, Γ, and the acceleration radius, r 0 . We find an average value of Γ ≈ 10 2.5 , which is similar to previous estimates, based on various methods. On the other hand, we find that r 0 ≈ 10 8 cm, higher than the common assumption of 10 7 cm. These larger than expected r 0 values may be due to propagation effects of the jet, such as recollimation shocks, mass entrainment, or a non conical structure, and may provide indirect evidence for the presence of a massive progenitor star. This paper is organized as follows. In section 2 we describe our sample selection and method of analysis. Our results are presented in section 3. We discuss our findings in section 4, before summarizing and concluding in section 5.
SAMPLE AND METHOD OF ANALYSIS
Several authors have identified a thermal emission component in various GRBs (detected by both the BATSE instrument as well as by Fermi satellite), and studied their properties. As was shown by Pe'er et al. (2007) , clear identification of both the temperature and flux in bursts with a known redshift z (luminosity distance d L ), can be used to infer the properties of the outflow within the framework of the "fireball" model 8 via
and
Here, σ T is Thomson's cross section, R ≡ (F ob BB /σT ob 4 ) 1/2 , F ob BB is the observed black body flux, T ob is the temperature of the thermal component, and σ is Stefan-Boltzmann constant. The total (thermal + non-thermal) flux is denoted by F ob , and Y ≥ 1 is the ratio between the total energy released in the explosion producing the GRB and the energy observed in γ-rays (both thermal and non-thermal). Measurements of the exact value of Y are difficult to conduct, though estimates can be done using afterglow observations (Cenko et al. 2011; Pe'er et al. 2012; Wygoda et al. 2015) .
A key difficulty in identifying a thermal component and conducting the calculations is the fact that the signal varies with time. Thus, a time dependent analysis is required. As was shown by Ryde (2004 Ryde ( , 2005 and Ryde & Pe'er (2009) , for bursts which show relatively smooth, long pulses, and in which a thermal component could be identified, both the temperature and the flux show a very typical behavior: a broken power law in time. Typically, before t ob brk ∼ a few s, the temperature is roughly constant, while the thermal flux increases roughly as F ob BB ∝ t 1/3 . At later times, both the temperature and the flux decay, T ob ∝ t −2/3 and F ob BB ∝ t −2 . Although the non-thermal and thermal fluxes are often correlated, the break time does not always coincide with the peak of the (non-thermal) flux. In many GRBs it is associated with the beginning of the rapid decay of the pulse (Ryde & Pe'er 2009 ).
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The exact interpretation of the early and late temporal behavior is still not fully clear. An interesting finding is that during the rise phase of the pulses (the first few seconds), the temperature is roughly constant. This implies via Equation 1 that the Lorentz factor is roughly constant (assuming that the ratio F BB /F tot does not vary much), though the total flux changes substantially. This no longer holds during the decay phase. A leading idea is that the late time behavior may be associated with a geometrical effect of (relativistic) "limb darkening" (Pe'er 2008; Pe'er & Ryde 2011; Lundman et al. 2013) , though a non-spherical jet structure may be required (Deng & Zhang 2014) . If this is the correct interpretation, it implies that reliable estimation of the hydrodynamic parameters can be done only if the data are taken at the break time, or earlier. Fortunately, in recent years enough data are available to carry out these time-dependent calculations for a substantial number of GRBs.
In this work we collected the available data, and divided them into three categories. In category (I) we include seven GRBs that fulfill the entire set of conditions: (1) their redshifts are known; (2) a thermal component was reported in the literature; and (3) a time dependent analysis could be performed, and therefore the values of Γ and r 0 were inferred. These GRBs were analyzed in recent years by various authors. Here, we collected the published data, and validated it. It case of multiplepulsed GRB, we normally picked the first pulse. Two of these GRBs, GRB970828 and GRB990510, were detected by BATSE (Pe'er et al. 2007) , and the other five were detected by Fermi. We summarize in Table 1 the derived values of the parameters, as well as the references from which they were taken.
In category (II) there are four GRBs detected by Fermi, that both: (1) show clear evidence of a significant thermal component, and (2) have a well defined temporal evolution, that enables a clear identification of the break time.
10 However, as opposed to GRBs in our category (I) sample, the redshifts of these GRBs are unknown. The dynamical properties of these GRBs can therefore be deduced only up to the uncertainty in the redshift. The derived parameters of these GRBs, as given by the various authors are also shown in Table 1 , with the assumed values taken for the redshifts by the different authors. In our analysis, we did not modify the assumed redshift, as it was taken as the mean redshift of GRBs detected by the relevant instrument (note that GRB120323 is a short GRB). As we show below, this uncertainty does not affect our conclusions.
Although the thermal component observed in the spectra of GRBs in our category (II) sample is statistically significant, it is relatively weak: in 3/4 GRBs, the flux in the thermal component is less than 10% of the total flux observed in γ-rays. This poses a challenge to the analysis method: as was shown by Zhang & Pe'er (2009); Hascoët et al. (2013) ; Gao & Zhang (2015) , the photospheric component is suppressed if the flow is highly magnetized. Thus, weak thermal fluxes may be an indication for highly magnetized outflow, in which case the dynamical calculations presented in Equations 1 and 2 are modified (see Gao & Zhang 2015 , for a full treatment in this case). Nonetheless, the magnetization parameter is unknown, and a weak thermal component does not necessitate a high magnetization; it could result, e.g., from r ph ≫ r sat . We therefore decided to include these bursts in our sample. As will be shown below, the values obtained for both r 0 and Γ for these bursts are similar to those obtained for the GRBs in the rest of our sample, which may indicate similar dynamics.
In category (III) we used 36 GRBs detected by BATSE, taken from the sample of Ryde & Pe'er (2009) . This is the largest single sample of GRBs in which a temporal analysis was carried out and a thermal component was clearly identified. Out of 56 GRBs in the Ryde & Pe'er (2009) sample, we selected those GRBs in which a clear break time in the temporal behavior of both the tem-perature and flux was identified. Furthermore, the break times of the temperature and flux evolution were consistent with each other. Thus, although a break time was identified in all GRBs in our sample, the sub-sample of GRBs in this category is homogeneous as all GRBs are detected by the same instrument and identical selection criteria was used.
The sample of our category (III) GRBs is given in Table 2. The values of the temperature, thermal flux and ratio of thermal to total flux are given at the break time; the derived values of Γ, r 0 and the photospheric radius, r ph are under the assumption of z = 1.
While the redshifts of all the GRBs in our categories (II) and (III) are unknown, we point out that the additional uncertainty in the estimate of r 0 due to the lack of a precise redshift is not very large. This is due to the
2 , and, for the range of redshifts typical for pre-Swift GRBs, 0.5
2 ≤ 1.06. A similar calculation shows that the added uncertainty in the estimate of Γ is 0.7 ≤ Γ(z)/Γ (z=1) ≤ 1.75, for 0.5 ≤ z ≤ 2.5.
We estimated the additional uncertainty of GRBs in our category (III) due to the unknown redshifts as follows.
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We used the pre-Swift distribution of GRB redshifts given by Jakobsson et al. (2006) . We performed a Monte-Carlo simulation, simulating 10 6 GRBs drawn from this distribution, and calculated the ratios
1/4 of each GRB in our simulation, normalized to these values for z = 1. In our calculation, we assumed a standard cosmology (flat universe with Ω m = 0.286 and H 0 = 69.6 km/s/Mpc). Based on the simulated results, we conclude that the average values of r 0 and Γ are r 0 /r 0z=1 = 0.863, and Γ /Γ z=1 = 1.117. The standard deviations due to the uncertain redshifts are σ(r 0 ) = 0.2533 and σ(Γ) = 0.531. These values are not surprising given the above analysis and the fact that the mean redshift in the sample of Jakobsson et al. (2006) is z = 1.345.
The values of Γ and r 0 presented in tables 1, 2 are derived under the assumption of Y = 1. This is in order to be consistent with the results presented in the various references from which the data is adopted. However, in presenting the results in the figures below, we adopt a somewhat higher value of Y = 2. As explained above, the exact value of Y is very difficult to measure. Measurements based on afterglow observations reveal mixed results. Some works found very high efficiency in γ-ray production, implying Y a few (Cenko et al. 2011; Pe'er et al. 2012 ). On the other hand, several works found inefficient radiation, implying larger values of Y (Santana et al. 2014; Wang et al. 2015) . A large value of Y would increase the measured value of the Lorentz factor by tens of %, as Γ ∝ Y 1/4 , while decreasing r 0 by a factor of a few, as r 0 ∝ Y −3/2 . As the highest values of Γ we obtain are 10 3 , while the lowest value of r 0 is ∼ 10 6.5 cm (see below), we deduce that the value of Y cannot be much greater than unity. In the analysis below, we therefore take as a fiducial value Y = 2. b GRBs 970828 and GRB990510 were detected by BATSE instruments. All other GRBs in this list were detected by Fermi-GBM. c Errors in dr 0 , dΓ are estimated based on the data provided in the reference.
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RESULTS
The inferred values of the Lorentz factor Γ and the acceleration radius r 0 from our sample are presented in Figure 1 . The green points represent GRBs with known redshift (our category I GRBs), GRBs in our category (II) are presented by the blue points, and category (III) GRBs are shown by the magenta points. The error bars represent statistical errors; additional errors due to the uncertain redshifts are shown by the dashed (red) dots. The blue stars represent the values of the parameters of GRBs in our category (II), with assumed redshift z = 1. As GRBs in this category form a small fraction of our sample, the uncertainty in the redshift of these GRBs does not affect any of our conclusions. In the plot, we assume a fixed value of Y = 2. We further show in Figure  2 histograms of the values of Γ and r 0 .
The most interesting result from these plots is the range of parameter values. We find that the range of values of the Lorentz factor stretches between 130 and 1200 (with 1-σ errors inclusive), with an average value of Γ = 370, or log 10 (Γ) = 2.57 and standard deviation of σ(log 10 (Γ)) = 0.21. These results are similar to the values of Γ inferred for bright GRBs by other methods which are in wide use, such as opacity arguments (Krolik & Pier 1991; Woods & Loeb 1995; Lithwick & Sari 2001) , the deceleration time of the emission from the forward shock (Sari & Piran 1999) ; see also Racusin et al. (2011) , or the onset of the afterglow (Liang et al. 2010) . Furthermore, the results of Figure  2 indicate that the distribution of Γ is fairly well fitted by a Gaussian, suggesting that selection biases are not playing a major role (see further discussion below).
The initial acceleration radius, r 0 , ranges between 4 × 10 6 ≤ r 0 ≤ 2 × 10 9 cm. The average value is r 0 = 9.1×10 7 cm, or log 10 (r 0 ) = 7.96 and standard deviation of σ(log 10 (r 0 )) = 0.56. Similarly to the distribution of Γ, the distribution of log 10 (r 0 ) is also close to a Gaussian (see Figure 2) .
12 The average value found corresponds to minimum variability time of δt = r 0 /c ∼ 3 × 10 −3 s, and is about 30 times the gravitational radius of 10 M ⊙ black hole. While this value is fully consistent with our data, as all the GRBs in our sample are long, and their variability time is much longer than 10 ms, this value is different from the commonly assumed value of the acceleration radius, ≈ f ew gravitational radii (e.g., Mészáros 2006; Kumar & Zhang 2014 , and references therein).
A priori, we do not expect any correlation between the values of Γ and of r 0 , as these are two independent parameters of the fireball model. Nonetheless, it is interesting to search for such a correlation, since if it exists it could put interesting constraints on the nature of the progenitor. This is due to the fact that if indeed r 0 is related to the gravitational radius, than r 0 ∝ M , where M is the mass of the central object, while Γ ∝ L/Ṁ c 2 , whereṀ is the mass ejection rate.
Linear fitting (with points weighted by the errors in both directions) reveals best fitted values of log 10 (Γ) = a 1 + a 2 log 10 (r 0 ), with a 1 = 3.31 ± 0.66 and a 2 = −0.10 ± 0.08. The correlation is thus very weak, with intrinsic scatter 0.44 ± 0.05 (Spearman rank -0.31 with significance of 0.035, equivalent to 2.1σ). While this analysis is done on a non-homogeneous sample, a similar analysis carried out on GRBs in our category (III) only, which do form a homogeneous sample, is not significantly different. We can conclude that our data does not points to any correlation between the values of r 0 and Γ.
DISCUSSION

Possible selection bias ?
The derived values of Γ span about one order of magnitude, between 10 2 − 10 3 . This range is similar to the typical values of Γ inferred from other methods, as discussed above. The values of r 0 span a wider range of roughly two orders of magnitude, between 10 6.5 −10 9.5 cm. These values are higher than the typically assumed value of r 0 10 7 cm. The values of Γ and r 0 are derived from the identified values of the observed temperature, T ob. as well as the fluxes F Tables 1, 2 ). The ratio of thermal to total flux cannot be less than a few % (typically, it is of the order of 50 %, see Table 2 ), other- 12 We note that as about 75% of the GRBs in our sample are in category (III), they have the dominant effect on the distributions. wise the thermal component could not have been clearly identified. Furthermore, the BATSE detector is sensitive at the range 20 keV -2 MeV, while the GBM detector has even broader sensitivity range, 8 keV -40 MeV. Thus, a thermal peak could be identified for the BATSE bursts at temperatures 10 3 T ob 10 6 eV. Using these observational constraints, we plot in Figure 3 the range of r 0 and Γ that could have been derived from observations of temperature and fluxes in this range using Equations 1, 2, under the assumption of z = 1.
Clearly, the possible range of values of both Γ and r 0 are much greater than the observed ones. Values of Γ are possible in the range 10 1.5
Γ 10
3.5 , and those of r 0 could span a much broader range, 10 5.5 r 0 10 13 cm (see Figure 3) . The addition of uncertainty in the redshift would imply that, in principle, an even broader range of parameter values could be obtained. However, this is not observed: the inferred values of Γ and r 0 span only a small part of the range allowed by the detector's capabilities. Combined with the fact that the histograms of both Γ and r 0 are close to Gaussian, we thus conclude that selection effects are likely to be ruled out.
Our sample is not homogeneous, as we use data obtained by two different instruments (Fermi and BATSE detector). Furthermore, for the GRBs in our category (I) and (II) we rely on analysis carried by various authors. Thus, there is a risk of bias in the results. This risk does not exist for GRBs in our category (III), as all the data is taken from the BATSE instruments, and all the analysis was carried by us. Our category (III) GRBs constitute the largest fraction of GRBs in our sample (36/47 ∼ 75%). When conducting a separate analysis to the data in our category (III) GRBs only, we obtain similar results to those obtained when analyzing the data in categories (I) and (II) (see Figures 1 and 2 ), indicating that selection bias, if any, do not significantly affect the results.
An additional source of uncertainty is the unknown value of Y ≥ 1, the ratio between energy released in the explosion and the energy observed in γ-rays. As discussed above, the value we chose here, Y = 2, is a realistic approximation, based on (1) estimates from the literature; (2) the fact that the values of Γ obtained using this value are consistent with measurements based on other methods; and (3) the fact that a higher value would imply, in some cases, values of r 0 lower than the gravitational radius, which is unphysical. Nonetheless, we stress that as the derived values of both Γ and r 0 depend on Y they are obviously sensitive to the uncertainty in the value of this parameter.
How ubiquitous is thermal emission in GRBs ?
The size of the sample considered in this work, 47 GRBs, is a small fraction of the total number of GRBs observed to date. All GRBs in our sample are characterized by a clearly detected, significant thermal (Plancklike) component, which shows a well defined, repetitive temporal behavior. We point out that a necessary condition for performing this analysis is the ability to carry out a time-resolved spectral analysis. This limits the number of GRBs in which this analysis could be executed to only those that show relatively long, smooth pulses, and, in addition, are bright. Furthermore, we point out that the traditional use of a "Band" function on its own in fitting the data, excludes the possibility of identifying a thermal component on top of a non-thermal one, as the "Band" function is simply not capable of capturing a thermal peak, where it exists. Thus, in order to obtain a reliable estimate of the fraction of GRBs with a thermal component, a re-analysis of the entire sample is needed. Recent works (Burgess et al. 2014; Guiriec et al. 2015b) in which re-analysis of the data was done, indicate that tens of % of bright GRBs may show evidence for the existence of a distinct thermal component. As shown in Table 1 , GRBs which do show evidence for a thermal component span a wide range of properties in terms of fluxes, redshifts and light curves, further supporting the idea that they are ubiquitous.
The existence of a thermal component can be further deduced indirectly, in those GRBs in which a clear "Planck" spectrum is not observed. This is done by analyzing the low energy spectral slopes obtained using the "Band" fits. As was shown already in 1998 (Preece et al. 1998 (Preece et al. , 2002 Ghirlanda et al. 2003) , the low energy spectral slopes of over 85% of the GRBs are too hard to be consistent with the (optically thin) synchrotron emission. A more recent analysis (Axelsson & Borgonovo 2015; Yu et al. 2015b ) reveals that the spectral width of nearly 100% of GRB pulses are inconsistent with having a synchrotron origin, unless additional assumptions are made, such as variation of the magnetic field with radius (Pe'er & Zhang 2006; Uhm & Zhang 2014; Zhang et al. 2015) .
One possible solution that can explain the observed spectra of those GRBs that do not show clear evidence of a distinct thermal component (which are the vast majority) is that they do in fact originate from a thermal component, that is modified due to sub-photospheric energy dissipation (Pe'er et al. 2005 Giannios 2008 Giannios , 2012 Vurm et al. 2013; Lazzati et al. 2013; Deng & Zhang 2014; Keren & Levinson 2014; Gao & Zhang 2015; Chhotray & Lazzati 2015; Vurm & Beloborodov 2015; Ahlgren et al. 2015) . If this hypothesis is correct, then the origin of the "Band" peak is Comptonization of the thermal component. A similar mechanism may be responsible for the non-thermal part of the spectra in those GRBs in which a thermal component is pronounced, though an alternative synchrotron model for the non-thermal part is also a possibility in these bursts (Burgess et al. 2011 (Burgess et al. , 2014 Yu et al. 2015a ). Thus, in this model, the key difference between GRBs in our sample (in which a thermal component is identified) and other GRBs, is that for GRBs in our sample the "Planck" part of the spectrum suffers only relatively weak distortion. This could be due to the lack of significant dissipation at small (sub-photospheric) radii. We point out that in the classical fireball model, where internal shocks may be the main source of energy dissipation, there is only a low limit constraint on the location of the internal shocks, r Γ 2 cδt, where δt is the variability time. Thus, for smooth bursts, for which δt is relatively long, internal shocks occur far above the photosphere . As a result, if indeed internal shocks are the main cause of kinetic energy dissipation, one naturally expects a pure photospheric component to be more pronounced in smooth bursts. We stress, though, that so far no systematic study of possible correlation between the smoothness of lightcurves and the existence and properties of a thermal component was carried.
An alternative possibility of explaining the various spectra is due to difference in magnetization (Zhang & Pe'er 2009; Zhang & Yan 2011; Beniamini & Piran 2014; Gao & Zhang 2015; Bégué & Pe'er 2015) .
In highly magnetized outflows (characterized by σ = E M /E k ≫ 1, where E M is the energy stored in the magnetic field and E k is the kinetic energy), photospheric emission is both suppressed (e.g., Zhang & Pe'er 2009) and is further shifted to higher energies due to suppression of photon production below the photosphere. Thus, according to this model, the difference between the GRBs in our sample and other GRBs is that the outflow of the GRBs in our sample happen to have a weaker magnetization, σ 1. However, Currently, there is no clear way to determine the magnetization of GRB outflows without additional assumptions. On the other hand, we point out that an additional assumptions, e.g., about the value of r 0 can be used to interpret the data in the framework of the magnetized outflow model, and use this interpretation to infer the value of the magnetization parameter (see Gao & Zhang 2015, for details) .
Finally, we point out that the larger part of our sample (our category III) are GRBs detected by BATSE. This is mainly due to the fact that a systematic analysis in search for a thermal component was carried out, so far, only on BATSE data, but not on data obtained by Fermi. It is therefore not clear yet what fraction of GRBs detected by Fermi show clear evidence for the existence of a thermal component. A recent analysis (Guiriec et al. 2015a) indicates that the fraction of thermal component in Fermi bursts may be similar to those observed in BATSE bursts, though further analysis is still needed.
Possible evidence of a massive progenitor
Within the framework of the "collapsar" model (Woosley 1993) , the jet drills its way through the collapsing star. For a freely expanding outflow, it is typically assumed that the initial acceleration radius, r 0 is close to the gravitational radius of the newly-formed black hole, namely r 0 10 7 cm. However, the results presented here indicate a rather different value of r 0 = 10 8 cm, namely, about a factor 10 higher.
We should stress that the idea that r 0 should be ≈ few gravitational radii is of theoretical origin, and is correct in the classical (low magnetization) "fireball" model, in the limit of free outflow. A small acceleration radius is associated, via light crossing time argument, with short variability timescales, as δt = r 0 /c. However, the minimum observed variability time in GRBs is 10 ms, with an average value of ≈ 500 ms (Golkhou & Butler 2014) . Variability timescales of 10 ms correspond to r 0 ∼ 10 8.5 cm. Thus, in fact, there is no observational evidence supporting values of r 0 much smaller than this value.
Adopting the basic framework of the "collapsar" model, the collimated outflow within the collapsing star cannot be described as a free outflow. As the jet propagates through the star, it forms a hot "cocoon" made of hot stellar material heated by the jet itself that surrounds the jet. Furthermore, as the jet drills a funnel through the stellar material, it is confined by the funnel walls. The jet thermal pressure decreases with distance from the origin. Thus, if the external pressure decreases slower than the jet pressure, a recollimation shock must form. The shape of this recollimation shock depends on the balance between the external pressure and the jet ram pressure, and can be calculated analytically (Komissarov & Falle 1997; Nalewajko & Sikora 2009) .
This recollimation shock is very efficient in dissipating the kinetic energy (Nalewajko & Sikora 2009; Nalewajko 2012) . Thus, while the Lorentz factor increases up to the recollimation shock radius, there is a sharp drop in the outflow velocity as it encounters the recollimation shock to Γ 1, before the outflow re-accelerates above this radius. This is clearly seen in various numerical models of jet propagation inside stellar cores (e.g., Aloy et al. 2002; Morsony et al. 2007; Mizuta & Aloy 2009 ), as well as in analytical modeling (Bromberg et al. 2011) . The radii of the recollimation shocks are typically seen at ∼ f ew × 10 9 cm (Mizuta & Aloy 2009; Mizuta & Ioka 2013; López-Cámara et al. 2013) , though in some of the simulations, recollimation shocks can be identified only above 10 9 cm due to lack of numerical resolution at smaller radii.
Once the jet completes its crossing of the stellar core, both the jet and the cocoon expand into the stellar envelope and into the interstellar medium (ISM). At this stage, the external pressure rapidly drops, and the radius of the recollimation shock gradually increases, until the shocks eventually disappear and the flow becomes free. However, this stage lasts typically for a duration of ten seconds (at least several sound crossing times); (e.g., Morsony et al. 2007; Mizuta & Aloy 2009; López-Cámara et al. 2013) . During this epoch, the recollimation shock is roughly at its initial location. It can be shown that the presence of a recollimation shock does change the length scale of the jet (r 0 ) in certain conditions, especially if the jet is brought back to causal contact by the collimation. In that case, the measured value of r 0 would not correspond to the size of the acceleration region nor to the radius at which the shocks happen, but to r 0 Γ sh , where Γ sh is the Lorentz factor of the shocked jet. In our case, a Lorenz factor of ∼ 30 would be able to reconcile the observations with the theoretical prediction of a small acceleration region of ∼ 10 7 cm. While simulations show that typically Γ sh < 30 (see, e.g., Morsony et al. 2007; López-Cámara et al. 2013) , they do also show that shocks cause mass entrainment on the jet and that the jet propagation is non-conical at least for a few tens of seconds (Morsony et al. 2007 ). Both these effect contribute also to causing a measured value of r 0 that is larger than the size of the acceleration region (Lazzati, Pe'er, Ryde, et al in preparation) .
We may thus conclude that the results obtained here, of r 0 ∼ 10 7 − 10 9 cm (despite all the uncertainties discussed above) are consistent with the picture that emerges from the numerical simulations, and that they provide indirect evidence that even the brightest long duration bursts at cosmological redshifts can be produced by the core-collapse of massive stars. Furthermore, this implies that if indeed the progenitors of short GRBs are merger of binaries rather than collapses of massive stars, then the values of r 0 are expected to be much smaller in these bursts. While one of the bursts with a high value of r 0 in our sample (GRB120323) is categorized as short, we note that the discrimination between "long" and "short" is statistical in nature, and thus it is possible that this burst may originate from a collapse of a massive star, similar to classical long GRBs (see ).
SUMMARY AND CONCLUSIONS
In this work, we analyzed a sample of 47 GRBs which show significant thermal emission component. We split our sample into three categories: (I) 7 GRBs with known redshifts; (II) 4 GRBs detected by Fermi, in which the redshifts are unknown; and (III) 36 GRBs detected by BATSE, selected from the sample of Ryde & Pe'er (2009) based on clear identification of the break time. We analyzed the dynamical properties of these GRBs based on standard "fireball" model assumptions using the method derived in Pe'er et al. (2007) . We found a mean Lorentz factor of Γ = 370, consistent with values obtained by different methods. However, we further found that the acceleration radius r 0 ranges between 4 × 10 6 ≤ r 0 ≤ 2 × 10 9 cm, with mean value r 0 ≃ 10 8 cm. This is ≈one orders of magnitude above the commonly assumed value of ∼ 10 7 cm. We found only a very weak correlation between the values of Γ and r 0 , that cannot be used to put further constraints on the properties of the progenitor. We showed that the derived values of r 0 are only weakly sensitive to the uncertainty in the redshifts.
We showed in §4.1 that selection biases are unlikely to affect our obtained results. We further argued ( §4.2) that despite the fact that GRBs with a pure thermal emission component are relatively rare, the existence of such a component is likely to be very ubiquitous, and possibly it exists in nearly all GRBs, albeit in most of them it is distorted. We claimed that within the context of the standard fireball model, it is more likely to detect a pure thermal component in long, smooth GRBs, that are less variable, and as a result internal shocks occur above the photosphere. Finally, we argued in §4.3, that the most likely interpretation of the values of r 0 are propagation effects in massive progenitor stars, such as collimation shocks, mass entrainment, or non-conical expansion.
An alternative scenario that can explain the relatively large values of r 0 is that the acceleration in fact begins at radii much greater than the gravitational radius of the newly formed black hole. This could be due to initially large jet opening angle, followed by a strong poloidal recollimation at ∼ 10 2 − 10 3 r g that accelerates the jet. Some evidence for a similar scenario exists in a different object, the active galaxy M87 (Junor et al. 1999 ). This scenario requires very strong poloidal magnetic fields, whose existence in a GRB environment is uncertain.
The calculation of r 0 and Γ in Equations 1, 2 were done under the assumption of the "classical" (weakly magnetized) "fireball" model. The values of Γ that we found are consistent with the values found using other methods, that are independent of some of the underlying "fireball" model assumptions, such as afterglow measurements (e.g., Racusin et al. 2011) . These values are more than an order of magnitude higher than the values of Γ inferred in active galactic nuclei (AGNs) and X-ray binaries. Thus, while magnetic acceleration (e.g., via the Blandford & Znajek 1977, process) is likely to occur in XRBs and AGNs, currently there is no evidence that a similar mechanism is at work in GRBs as well.
In addition to the GRBs considered in this work, thermal emission was found recently in several GRBs in the X-ray band, extending well into the afterglow phase. These include both low luminosity GRBs such as GRB060218 (Campana et al. 2006; Shcherbakov et al. 2013) or GRB100316D ) but also many GRBs with typical luminosities (e.g., Page et al. 2011; Starling et al. 2012; Sparre & Starling 2012; Friis & Watson 2013; Bellm et al. 2014; Schulze et al. 2014; Piro et al. 2014) . Common to all GRBs in this category are (1) the fact that the thermal component is observed well into the afterglow phase; and (2) the inferred values of the Lorentz factors are at least an order of magnitude lower than that of GRBs in our sample: Γ few tens, and in some cases much lower, Γ 1. These results indicate that most likely the physical origin of the thermal component in bursts in this sample is different than bursts in our sample, the leading models being supernovae shock breakout and emission from the emerging cocoon. Given this different origin, we excluded these bursts from the analysis carried out here.
Finally, we stress that as the calculations here are carried under the standard assumptions of the classical "fireball" model, any inconsistency that may be found in the future between the values of r 0 derived by our method and those derived in alternative ways (e.g., via variability time argument) would question the validity of the entire "fireball" model.
